Abstract. In this work mechanism and kinetics of crystallization for thin films on the basis of Ge-Sb-Te-Bi and Ge-Sb-Te-In perspective for phase change memory application were investigated. Possible data processing and storage times of the PCM cell were estimated. It was shown that PCM cell based on Ge 2 Sb 2 Te 5 +0.5 wt. % Bi have minimum data processing and maximum data storage times in comparison with the other investigated materials.
Introduction
Currently phase change memory (PCM) is considered to be one of the most promising candidates for the next generation of non-volatile memory devices [1] .
Concept of phase-change memory was proposed by Stanford Ovshinsky in 1968 [2] , and demonstrate the possibility of electrical and optical ways of storing information with using of chalcogenide glassy semiconductors [3, 4] . These lead to the appearance of two main types of PCM memory devices -optical and electrical phase change memories. The work of both types of devices is based on the rapid reversible amorphous-to-crystalline phase transitions, which can be initiated by laser or electrical pulses, respectively. PCM materials in amorphous and crystalline states have very different optical and electrical properties, and are attributed as "zero" and "unit" logical states.
Chalcogenide semiconductors on the quasi-binary line GeTe-Sb 2 Te 3 are considered to be most promising programmable materials for application in phase change memories [1] .
Three compounds exist on this quasi-binary line: Ge 2 Sb 2 Te 5 , GeSb 2 Te 4 and GeSb 4 Te 7 . The most promising among them is considered to be Ge 2 Sb 2 Te 5 (GST225) due to the complex of properties (appreciable stability at room temperature, high crystallization rate and good reversibility between amorphous and crystalline phases) [5] . The discovery of GST225 by Yamada et al [5] , which lead to the commercial success of CD, DVD, Blu-ray discs.
Noticeable progress was achieved last years in the development of phase change memory. However, improvement of the PCM characteristics is still required. One of the problems is connected with the need of decreasing the data processing time of PCM to the level comparable with that of the random access memory (∼10-50 ns) [1] . For this purpose increasing of crystallization rate for PCM materials is required. The doping can be used for controlling the thermal and increasing crystallization rate. However, most chalcogenide glasses are insensitive to the doping. In addition, the effect of doping on the thermal properties and kinetics of crystallization for GST225 thin films is not well understood. We suppose that Bi and In are promising dopants for the modification of thermal characteristics and crystallization kinetics of GST225, because Bi is isomorphous with Sb, while In and Sb are in the same period of the Periodic table and have close atomic radiuses. These should provide the replacement mechanism of doping, which will modify binding energies, and consequently thermal properties and crystallization kinetics.
So, the aim of this work was investigation of the crystallization kinetics in Ge-Sb-Te-Bi and Ge-Sb-Te-In thin films.
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Experimental
The GST225 alloys with different amounts of Bi (from 0 to 7.7 wt. %) and In (from 0 to 3 wt. %) were synthesized with using quenching technique [6] . Thin films were prepared by thermal evaporation of synthesized materials. Substrate temperature during the deposition did not exceed 50°C.
X-ray diffraction (Rigaku D/MAX, Cu Ka k = 0.15481 nm) showed that synthesized materials were polycrystalline and have trigonal modification of Ge 2 Sb 2 Te 5 . Introduction of Bi leads to the appearance of trigonal modification of Bi 2 Ge 2 Te 5 , which indicates on the replacement of Sb by Bi. As-deposited thin films were amorphous up to 3 % of Bi. Higher concentrations of Bi lead to the appearance of crystalline phases.
Rutherford backscattering (RBS, E d =1.0 and E α =2.7 MeV at 135°scattering angle) and Energy Dispersive X-Ray Analysis (EDXRA, Inka-Sight) showed that the compositions of films were close to those of synthesized materials (Tables 1 and 2 ).
Differential scanning calorimetry (DSC-50, Shimadzu) was used for the investigation of thermal properties. Measurements were carried out at 8 different heating rates (from 1 to 90°C/min) in a nitrogen flow (20 ml/min). Thin films were scraped off from c-Si wafers and pressed in Al pans. 
Results and Discussions
Differential scanning calorimetry of the as-deposited amorphous films revealed a number of heat effects with crystallization peak for all compositions lays in the temperature range of 135-220°C ( Fig. 1 and 2 ). As can be seen from the figure, crystallization temperatures increases with dopant concentration higher than 3 wt. %. At lower concentrations dependencies are not monotonous with the largest deviation for GST225+0.5 wt. % Bi.
To determine kinetic triplet (effective activation energy of crystallization, pre-exponential factor, crystallization model) for crystallization process of GST thin films we used Isoconversional model-free method of Ozawa-Flynn-Wall (OFW) [7] , and Coates-Redfern model-fitting method [7] . Such joint use of model-free and model-fitting methods allowed us to estimate activation energy and pre-exponential factor as functions of conversion, and determine reaction models.
It was found that crystallization process most adequately can be described by the second or third-order reactions, which are characteristic for spontaneous nucleation with further growth without overlapping [8] .
Dependencies of the effective activation energy of crystallization on conversion for investigated materials are presented in Fig. 4 and 5. As can be seen from the figures activation energy for undoped GST225 at the beginning of the crystallization is ∼ 2 eV, and gradually decreases with the increase of conversion. This result indicates that crystallization of GST films is a complex process consisting at least of two stages. For crystallization process the most possible stages are nucleation and crystal growth. Contribution of the first process gradually decreases, while of the second increases. In this case, activation energy in the initial moment corresponds to the activation energy of nucleation, while in the end -to the activation energy of crystal growth. Similar tendency is observed for GST225+Bi thin films. However, sufficiently higher values of the effective activation energy in comparison with other investigated materials were established for GST225 + 0.5 wt. % Bi thin films.
For GST225+In slight change of the activation energy at the beginning of crystallization indicates on the enhanced influence of In doping on the nucleation in GST225, which leads to the elongation of the stage controlled by the nucleation.
After the kinetic triplet determination, we used it for the estimation of possible data processing and storage times of the PCM cells on the basis of investigated materials. We supposed that logical "zero" and "unit" states differs by the values of conductivity not less, than by 1-2 orders of magnitude. This allowed us to estimate conversion at which transition between "0" and "1" logical states of the PCM cell occurs by the equation [9] 
where, σa is the conductivity of a completely amorphous material, σc is the conductivity of a completely crystalline material, and σ is the conductivity of the material with the crystalline fraction α .
The calculations showed that the transition between "0" and "1" occurs at α=0.45. By using this value of conversion we estimated possible data processing and storage times of PCM cells as crystallization time of the films on the basis of investigated materials at different temperatures, which can be calculated by the equation [8] :
where, g( α ) is integral form of the found reaction model, A is the pre-exponential factor.
Calculated data processing and storage times for PCM cells on the basis of investigated materials are presented in Fig. 6 . As can be seen from the figure calculations predicts that PCM cells on the basis of Ge 2 Sb 2 Te 5 +0.5 mass % Bi will have the best data processing and storage times in comparison with the rest compositions. At the crystallization temperature higher than 300°C data processing time of the PCM cell on the basis of this material is lower than ∼ 50 ns, which is comparable with the data processing time of the random access memory. In addition, PCM cells on the basis of Ge 2 Sb 2 Te 5 + 0.5 wt. % Bi has extremely long storage time due to the longest crystallization time at room temperature among all investigated materials.
Conclusion
Thus, investigations showed that introduction of Bi and In in Ge 2 Sb 2 Te 5 can affects thermal properties of the material, in particular crystallization kinetics, which is important for the improvement of PCM technology.
It was found that Ge 2 Sb 2 Te 5 +0.5 wt. % Bi can provide data processing time of the PCM cell comparable with that of the random access memory. In addition, at room temperature this material has extremely long storage time.
